Experimental studies in various species using tract-tracing techniques showed clear evidence of the presence of cerebellohypothalamic projections. However, these connections were not clearly described in humans. In the present study we aimed to describe the direct cerebello-hypothalamic connections within the superior cerebellar peduncle (SCP) using fiber dissection techniques on cadaveric brains and diffusion tensor tractography (DTI) in healthy adults. Fiber dissection was performed in a stepwise manner from lateral to medial on 6 cerebral hemispheres. The gray matter was decorticate and fiber tracts were revealed. The SCP was exposed and the fibers were traced distally using wooden spatulas. The MRI examinations were performed in seven cases using 3-tesla 3T unit. The direct cerebello-hyothalamic pathways were exposed using high-spatialresolution DTI. The present study using both fiber dissection and DTI in adult human showed direct cerebello-hypothalamic fibers within the SCP. The SCP fibers course anterolateral to the cerebral aqueduct reaching the level of the red nucleus of the midbrain. The majority of the fibers crosses over and reached the contralateral diencephalic structures and some of these fibers terminated at the contralateral anterior hypothalamic area. Some of the uncrossed SCP fibers reached the ipsilateral diencephalic structures and terminated at the ipsilateral posterior hypothalamic area. We further reported the close relationship of the SCP with the MCP, lateral lemniscus, red nucleus and substantia nigra. In the DTI evaluations of the SCP we exposed unilateral left cerebello-hypothalamic fibers in five cases and bilateral cerebello-hypothalamic fibers in two cases. The present study demonstrates the direct cerebello-hypothalamic connections within the SCP for the first time using fiber dissection and DTI technique in the human brain. The detailed knowledge of the cerebello-hypothalamic fibers can outline the unexplained deficit that may occur during regional surgery.
Introduction
The role of cerebellum in controlling motor movements and motor learning has been well documented in literature (Wayner et al. 1991; Anderson et al. 1987) . Electrophysiological and tract-tracing studies in various species showed vast connections of the cerebellum with cortical, subcortical and brainstem structures (Cohen and Yarom 2000; Cavdar et al. 2001 Cavdar et al. , 2018a . Experimental studies using animals showed connections of the cerebellum with nonmotor areas of the central nervous system (Cavdar et al. 2001; Strick 1997, 1998) . Further, clinical studies have shown the involvement of cerebellum in cognitive functions such as attention, language, regulating fear and pleasure responses (Haines and Manto 2007) and autonomic functions such as controlling the blood pressure, respiratory rate, heart rate, bladder tone or GI motility (Ban et al. 1956; Haines et al. 1997; Zheng et al. 1982; Chida et al. 1986; Zanchetti and Zoccolini 1954) .
The influence of the cerebellum on non-motor regulation is known to be through the cerebello-hypothalamic pathways. The reciprocal connections of the cerebellum with the hypothalamus has been documented in rat, cat (Cavdar et al. 2001 (Cavdar et al. , 2018 Dietrichs 1984, 1985; Dietrichs and Zheng 1984) and monkey (Dietrichs and Zheng 1984) using tract tracing and electrophysiology (Dietrichs and Zheng 1984; Dietrichs et al. 1985; Haines et al. 1990 . The hypothalamo-cerebellar fibers arise from the lateral, posterior, dorsal hypothalamic area, the dorsomedial and ventromedial nuclei and paraventricular zone and terminate in all layers of the cerebellar cortex . Cerebello-hypothalamic fibers arise from all four deep cerebellar nuclei and terminate in the lateral, posterior and dorsal hypothalamic area and in the dorsomedial and paraventricular nuclei Cavdar et al. 2001 Cavdar et al. , 2018a .
In our previous studies we have clearly demonstrated the cerebello-hypothlamic connections using tract tracing methods in the rat (Cavdar et al. 2001 (Cavdar et al. , 2018a . Further, the majority of these cerebellar connections were localized within the SCP (brachium conjunctivum). In the present study, we aimed to expose the direct cerebello-hypothalamic projections within the SCP using fiber dissection technique in human brain and diffusion tensor tractography (DTI) in healthy adults which has not been described in the literature. Furthermore, the course and the anatomical relations of the SCP will be defined.
Materials and methods

Fiber dissection technique
In the present study, six formalin-fixed brain hemispheres were used. The age of the cadavers ranged between 64 and 76 years-old (mean, 67 years). None had grossly visible abnormalities of the brain. The brains were keep in 10% formalin solution for 3 weeks then were frozen and stored at − 163 °C for 2 weeks before dissection (Klingler and Ludwig 1956) . Prior to the fiber dissection the dura, arachnoid matter and the vessels were carefully removed from the specimens using a dissection microscope. All fibers dissection was performed under X6-X40 magnification using Zeiss Surgical Microscope (Carl Zeiss AG, Oberkochen, Germany). Handmade thin, wooden spatulas were used for dissection. The fiber bundles were peeled along the anatomic planes. All specimens were stored in 70% alcohol solution during entire study period. Three dimensional images were taken and stored for every stage of the dissections.
Diffusion tensor imaging (DTI) tractography of the cerebello-hypothalamic fibers
The MRI examinations of seven cases (five males and two females, age range 20-30), using a 3T unit (Trio with Tim; Siemens Healthcare AG, Erlangen, Germany) with 32-channel birdcage head coil. During MRI data acquisition, subjects were positioned with head in supine position in the MRI scanner. For anatomical comparisons, we also included high-resolution anatomical imaging using a 9-min T1-weighted axial magnetization-prepared rapid-acquisition gradient-echo sequence (repetition time = 2110 ms, echo time = 2.63 ms, flip angle = 8, number of slices = 176, field of view = 256 × 256 mm 2 , voxel size = 0.5 × 0.5 × 1.0 mm 3 ). Tractography data was obtained as mentioned below; DWI: TR 7750 ms, TE: 89 ms, FoV: 237 mm, matrix: 128 × 128, slice thickness: 1.8 mm, distance factor: 0%, 60 slices, GRAPPA with factor 2, voxel size: 1.9 × 1.9 × 1.9 mm 3 , diffusion encoding gradients: 60, b values: 0-1000 s/mm 2 , orientation: transverse, phase encoding direction: anterior-posterior, data acquisition time: about 9 min. The measurement volume of DWI was aligned in parallel to the connecting line of the anterior and posterior commissure. Neuro 3D software was used for data analysis (Siemens Healthcare AG, Germany).
Results
Fiber dissections
Fiber dissections were continued from lateral towards the medial aspect of the hemispheres. The cortical gray matter on the frontal, parietal and temporal operculum was removed and the insular cortex and the arcuate fasciculus were visualized ( Fig. 1 ). After the removal of the insular cortex the extreme capsule, external capsule, inferior fronto-occipital fasciculus (IFOF) and the claustrum was exposed (Fig. 2) . The superior, middle and the inferior temporal gyri were removed and the inferior horn of the lateral ventricle and the choroid plexus within the ventricle were visualized (Fig. 2) . Furthermore, the sagittal stratum and the arcuate fascicle were exposed (Fig. 2 ). In the next step, the lentiform nucleus (putamen and globus pallidus) and inferiorly located anterior commissure was exposed (Figs. 3, 4) . Deep to the anterior aspect of the parahippocampus, pes hippocampi was exposed (Fig. 3 ). The parahippocampal gyrus was removed and the hippocampus forming the floor of the inferior horn of the lateral ventricle has been exposed ( Fig. 4) . By removing the anterior limb of the internal capsule the caudate nucleus, and removing the posterior limb of the internal capsule the thalamus was exposed (Figs. 5, 6) . The lower fibers of the internal capsule and the optic nerve were removed and the tail of the caudate nucleus was revealed ( Fig. 6 ). Further continuing the fiber dissection from lateral to medial, removing the left thalamus the corticospinal fibers were exposed (Fig. 6 ). Then after removing the corticospinal fibers we reached the thalamus, hypothalamus, mammillary body of the opposite hemisphere ( Fig. 7) . Inferiorly the SCP was localized anterior and lateral to the MCP and ascended towards the midbrain (Fig. 7) . The lateral lemniscus was localized anterior-inferior to the left SCP. Further, the tectal structures the superior and inferior colliculus was removed. The left SCP was traced until the tegmentum. The SCP was localized posterior and medial to the substantia nigra. As the SCP ascended to the midbrain it coursed inferior then medial to the red nucleus and terminated and at midbrain structures ( Fig. 8) . Then, the SCP fibers made a sharp turn and formed the decussation of SCP and continued its course towards the diencephalon (Fig. 8) . Some of the decussating fibers terminated at the opposite anterior hypothalamic area (Fig. 8 ). Some SCP Fig. 1 The superior, middle and the inferior temporal gyri were removed and the inferior horn of the lateral ventricle and the choroid plexus within the ventricle were exposed. The cortical gray matter on the frontal, parietal and temporal operculum was removed and the insular cortex was visualized. The sagittal stratum and the arcuate fascicle was visualized Fig. 2 The insular cortex was removed and clastrum, external capsule, inferior frontooccipital fasciculus (IFOF) and was uncinate fasciculus was exposed Fig. 3 The putamen has been removed and the globus pallidus and the internal capsule was revealed Fig. 4 Deep to the anterior aspect of the parahippocampus pes hippocampi was observed fibers coursed inferolateral to the red nucleus and these uncrossed fibers reached the posterior hypothalamic area (Fig. 9 ). Further, we made a coronal cut from the right hemisphere at the level of splenium of the corpus callosum and the temporal horn of the lateral ventricle. We continued the dissection to expose the right SCP and left SCP (Fig. 10 ).
DTI or tractography results
We evaluated seven cases using high-resolution 3D diffusion tensor tractography (DTI) images. In five cases we have demonstrated unilateral left cerebello-hypothalamic fibers Fig. 5 The posterior and the retrolenticular fibers of the internal capsule MCP was exposed Fig. 6 The MCP was removed and the SCP and midbrain structures were exposed Fig. 7 The corona radiata has been removed and the opposite hemisphere was revealed. The corpus callosum was observed. The septum pellucidum was removed and deep to it was the opposite caudate nucleus. The interthalamic adesion, thalamus, hypothalamus were observed. Further down the mammillary bodies and the anterior commissure dentate nucleus and the SCP of the same side were revealed Fig. 8 Below the thalamus midbrain structures the substantia nigra and the red nucleus were revealed. The bundle of the SCP fibers inferior and medial to the red nucleus crossed to the opposite side forming the decussation of SCP and some terminated anterior hypothalamus (see white arrow) Fig. 9 Some of the SCP fibers passes inferior and lateral to the red nucleus ascended to the diencephalon and some fibers terminated at the posterior hypothalamic region (see white arrow) and in two cases bilateral cerebello-hypothalamic fibers. The DTI analyses of both the unilateral and bilateral cerebellohypothalamic tracts originated from the deep nuclei of cerebellum. These fibers reaching the hypothalamus blended with the fibers of the SCP (Fig. 11 ). Via the SCP they reached the ipsilateral medial-posterior hypothalamus in all cases. In two cases, these tracts extended to the ipsilateral internal capsules and terminated in the ipsilateral white matter of various brain lobes (Fig. 11 ).
Discussion
The present study, using both fiber dissection and DTI in adult human brains showed direct cerebello-hypothalamic connections. Both techniques showed direct cerebellohypothalamic fibers were localized within the SCP. The SCP fibers ascended to the level of midbrain reaching the red nucleus. The majority of the fibers terminated at the red nucleus and nearby structures in the midbrain, a bundle of fibers decussated inferior and medial to the red nucleus and reached the contralateral anterior hypothalamus and some fibers passed lateral to the red nucleus and reached the ipsilateral posterior hypothalamus (Fig. 12) . The DTI results clearly showed the presence of direct ipsilateral cerebellohypothalamic fibers however, contralateral cerebello-hypothalamic could not be shown due limitations of the DTI and tractography technique (Nimsky et al. 2016) .
Early evidence for cerebello-hypothalamic connection was presented by Wallenberg (1905) . He described degeneration axons in the rabbit hypothalamus after a brainstem lesion which included the SCP. Jacobs (1965) , reported degeneration in the hypothalamus following lesion of the SCP and cerebellar nuclei. Martin et al. (1974) described degeneration in the lateral hypothalamic area following the destruction of the medial cerebellar nucleus. Furthermore, experimental studies showed relations of the cerebellum with hypothalamic functions. Wen et al. (2004) reported that cerebellum participate in the cardiovascular regulation Fig. 10 The ascending fibers of the right and the left SCP Fig. 11 The DTI images of seven cases showing the direct cerebellohypothalamic pathways via SCP. In five cases unilateral (case 1, 2, 4, 5, 6) and in two cases bilateral (case 3, 7) cerebello-hypothalamic pathways were traced and osmoregulation via the cerebello-hypothalamic projections. Li et al. (2017) demonstrated that electrical stimulation of cerebellar nuclei may elicit an excitatory, inhibitory or biphasic response of ventromedial hypothalamic nucleus of the hypothalamus, which is believed to be involved in feeding behavior, energy balance, and weight control. The stimulation of the dentate nucleus and SCP of patients with tremor experienced an unpleasant sensation of fear (Nashold and Slaughter 1969) . Further, recent studies showed the role of cerebellar nuclei in the regulation of immune system (Lu et al. 2012; Peng et al. 2005 Peng et al. , 2006 Cao et al. 2013 ). The results of neurological studies showed evidence of abnormal cerebellar processing can lead to alterations in mental functions. Studies reported a high rate of psychiatric and cognitive disorders in patients with degenerative cerebellar diseases (Leroi et al. 2002; Kish et al. 1994; D'Angelo and Casali 2013) . A DTI study showed reduced fractional anisotropy in the white matter of the parietal association cortex and the left SCP in the early onset of schizophrenia patients (Kyriakopoulos et al. 2008) . It is interesting that in the DTI of all 7 cases examined in the present study we were able to demonstrate the left cerebello-thalamic fibers but not the right. The left cerebello-thalamic fibers can be more dominant than right.
Experimental studies have described both direct (Cavdar et al. 2001; Haines et al. 1990 ) and indirect (Dietrichs et al. 1985; Wen et al. 2004 ) cerebello-hypothalamic connections. Dietrichs et al. (1985) described an indirect multisynaptic connections via lateral reticular nucleus in the cat. Other brain stem relay nuclei mediating hypothalamic input to cerebellum were described from the dorsal motor vagal nucleus, the periaqueductal grey, the nucleus of the solitary tract, the nucleus locus coeruleus and the raphe nuclei (Zheng et al. 1982; Dietrichs and Haines 1985; Dietrichs 1983; Somana and Walberg 1979) . A recent DTI study showed the trajectory of an indirect cerebello-ponto-hypothalamic pathways (Kamali et al. 2018) . Kamali et al. (2018) described cerebellar fibers reach the reticular formation of the pons through the middle cerebellar peduncles and then cross the midline within the reticular formations of the pons and project into the contralateral hypothalamic nuclei. The present study demonstrated the trajectory of the direct cerebello-hypothalamic connections via SCP using DTI and fiber dissection technique. Thus, the direct connections can be via SCP and the indirect connections can be via the MCP. The direct and indirect cerebello-hypothalamic connections may have fundamentally different functional properties compared to monosynaptic pathways.
An early study described ascending and descending limbs of the SCP. The ascending limb terminates at the red nucleus and other mid-brain structures and continues to terminate in the subthalamic area and thalamus. Rostral to the decussation the descending limb terminates pons, medulla oblongata and spinal cord (Martin et al. 1974; Asanuma et al. 1980; Faull and Carman 1978) . Furthermore, Cajal (1972) reported that decussating fibers are collaterals of the ascending fibers. Bentivoglio and Kuypers (1982) used double retrograde tracer technique and showed that the vast majority of the neurons in the deep cerebellar nuclei distribute fibers to the contralateral diencephalon, probably mainly to the thalamus. They do not mention about the hypothalamic termination. The present fiber dissection and DTI technique show direct connections of the cerebellum with the hypothalamus. However, the two technique does not show whether these fibers are cerebello-hypothalamic or hypothalalamo-cerebellar pathways.
The DTI is a promising technique, however, the process has many limitations and pitfalls from acquiring the DTI scan to the tractography algorithm chosen and interpretation of the results. There are many versions, algorithm, and/or software's for DTI or tractography techniques (e.g. deterministic/probabilistic tractography, High Angular Resolution Diffusion Imaging, Q-Ball imaging, diffusion spectrum MRI tractography) (Lilja and Nilsson 2015) . Each contains its own advantages or limitations. Further, tractography of brain stem and cerebellar structures is still a huge challenge for radiologists (Algin and Ozmen 2015) . In the present study due to the above limitations of DTI and the low number cases we were unable to show the contralateral Fig. 12 The schematic illustration summarizes the ipsilateral and the contralateral cerebello-hypothalamic fibers within the SCP cerebello-hypothalamic fibers. Studies using 7 T MR with a larger series is necessary to define these fine tracts.
Being aware of the direct cerebello-hypothalamic fibers coursing within the SCP is of importance to the neurosurgeons both for preoperative counseling surgery (metastases invading the SCP and the dentate nucleus, gliomas of the tectum and tegmentum and brain stem lesions including diffused glioma and cavernomas) and to reduce the frequency of cerebello-hypothalamic defects. In addition, it can be used to interpret the unexplained deficit that may occur during regional surgery.
Conclusion
The present study demonstrates the direct cerebello-hypothalamic connections for the first time using fiber dissection and DTI technique in the human brain. Special care must be taken during the surgery of the region, furthermore, the knowledge of these connections can be a guide in the interpretation of radiological and neurological abnormalities involving SCP.
